Application of compression stockings to the lower extremities is a widely used therapeutic intervention to improve venous return but there is only scarce information about the effects of compression on local arterial perfusion. Therefore, we tested the hypothesis that a positive external pressure increases forearm perfusion. The relation between increasing external pressure induced by standardized compression and the arterial inflow and arterial flow reserve of the forearm was critically evaluated in a group of healthy young males (n=9). Flow was measured with venous occlusion plethysmography after 10 min application of 6 different stockings with increasing compression pressure ranging 13 -23 mm Hg. During compression the arterial inflow increased significantly from 3.7 ± 0.85 to 8.8 ± 2.01 ml/min per 100 ml tissue (p < 0.001) and the arterial flow reserve increased from 17.7 ± 4.7 to 28.3 ± 7.0 ml/min per 100 ml tissue. The flow increase was persistent after 3 hours of constant application of external pressure and also during simultaneous low intensity hand grip. Similar results as obtained with occlusion plethysmography were seen with MRI. During the interventions there was no change in forearm temperature and no report of discomfort by the volunteers. In conclusion, 1) arterial perfusion of the human forearm increases more than twofold during application of external compression for a pressure range of 13 -23 mm Hg. 2) The result is interpreted as an autoregulatory response following the decrease of the vascular transmural pressure gradient.
INTRODUCTION
To assess the influence of external compression on local blood flow we tested the hypothesis that external compression increases forearm blood flow. The hypothesis is based on the following causal chain: external compression pressure increases tissue pressure which decreases transmural vascular pressure. This decreased transmural pressure may trigger a myogenic response resulting in vessel relaxation. If this response comprises the segments of small arteries and arterioles a flow rise might result. Thus, we applied compression sleeves to the forearms of healthy volunteers and measured the forearm blood flow and the compression pressure simultaneously. The duration of the response was also studied. The flow measurements generally performed with occlusion plethysmography were complemented by measurements using MR. Both methods show that external compression equivalent to a skin surface pressure of 13-23 mm Hg doubles forearm blood flow.
METHODS

Measurement protocol
The effect of compressive pressure on forearm blood flow was tested in a group of 9 healthy young males (age 25 ± 3 years). The study was approved by the ethical committee of the Medical Faculty of the Technical University of Dresden. No subject had diabetes, any history of venous or arterial disease or was taking any vasoactive medication. Upper arm blood pressures measured with standard blood pressure cuffs verified that subjects were normotensive (systolic: 117 ± 7 mm Hg, diastolic: 76 ± 5 mm Hg). Heart rate was 68 ± 8 bpm. During the experimental sessions the volunteers were seated in an armchair such that the forearms rested comfortably on wide arm rests at heart level with the wrist slightly elevated above elbow to promote venous drainage. During the entire session both forearms were covered with a light cloth to prevent cooling. The room temperature was regulated and held constant at 22 ± 2°C.
Study 1.
The purpose of the study 1 (n = 9) was to determine the forearm blood flow under the influence of 6 compression sleeves exerting an increasing compression pressure. The blood flow of both forearms was first measured under baseline conditions. Then, the compression sleeve was applied to the right forearm (in general the dominant arm) for 10 min. At the end of this intervention period (within the 10 th minute) the blood flow of both arms was measured.
removal of the strongest compression sleeve the blood flow of both arms was measured twice under baseline conditions again, once, immediately after the removal of the last compression sleeve and, secondly, after an additional 10 min.
Study 2. The purpose of study 2 (n = 9) was to determine the effect of an external compression pressure on the arterial flow reserve. To this end the study 1 was repeated and three measurements of the arterial flow reserve were inserted. The arterial flow reserve was determined after the second baseline measurement before the application of the first compression sleeve; after the application of the third compression sleeve (CS3) and at the end of the study, i.e. after the second baseline measurement. After the end of the arterial flow reserve measurement there was a resting interval of 10 min before the next measurement or before application of compression pressure.
Study 3.
The purpose of the study (n = 5) was to test the duration of the effect of the compression on forearm blood flow. After a baseline measurement the compression sleeve CS3 was applied to the test arm and flow measurements were taken at 10 min, 30 min and then every half hour up to 180 min. After 180 min the compression sleeve was removed and forearm blood flow was determined immediately after removal and after 10 and 30min, respectively. Between flow measurements, that is from 30 to 180min the volunteers could move freely and do laboratory work. The time lag between both measurements was approximately 180 min.
The temperature of both forearms was controlled using a multi channel measuring system ("ALMEMO-1", Ahlborn Mess-und Regelungstechnik GmbH, Holzkirchen, Germany). is inversely proportional to the winding radius at a given wall tension. Therefore, the two sensors were placed on the forearm at positions of greatest and smallest winding radii.
Compression sleeves
The force exerted on the skin surface critically depends on the dimensions and elastance of the sleeves as well as individual arm geometries. Thus, the compression sleeves were manufactured individually for each volunteer on the basis of 6 measurements of the circumference of the forearm between wrist and elbow. The increasing level of compression was realised by decreasing the equivalent circumferences of the textile. In this way the wall tension of the sleeves, when covered over the forearm, was increased according to the stressstrain relation. According to the rule of Laplace this increased wall tension exerted a certain pressure on the tissue of the forearm. Thus, for each volunteer a set of 6 sleeves (CS1 -CS6) with decreasing circumferences was designed and manufactured using a knitted fabric which is based on an elastane yarn plated upon a cotton yarn. The used compression sleeves are similar to the sleeve of a sport tricot and their thickness is 1.022 ± 0.034 mm. The stress-strain relation of the knitted fabrics was determined and the textile parameters are summarized in Table 1 .
The sleeves were produced in consideration of the textile-physical parameters of the knitted fabrics as usual in clothing manufacturing. The specific stretch-factor of the fabrics was determined at 6 different stresses in order to manufacture the sleeves. These factors were multiplied with the corresponding circumferences of the forearm at different cross sections as measured for each test person.
MR measurements MR measurements were performed on a 1.5 Tesla whole body scanner (Siemens Magnetom Sonata, Siemens AG, Erlangen, Germany). The volunteers were positioned in a supine to lateral position in order to locate the forearm near to the isocenter of the magnet. A rectangular flexible surface coil was placed on the proximal end of the forearm. An ECG triggered FLASH 2D sequence with flow encoding perpendicular to the slice plain (max.
velocity 100 cm/s) was applied (FOV 220 * 165 mm², matrix 256 * 192, slice thickness 5 mm, T E = 3.9 ms, T R triggered to every heart beat, 5 averages), giving modulus and velocity images every 32 ms. For quantification, the ARGUS software package was used (Siemens AG, Erlangen, Germany). Flow and velocity data were derived from regions which were fitted to the actual vessel size and position for each time point of the measurement.
RESULTS
The effect of a compression pressure of 16 ± 5 mm Hg applied to the forearm surface is shown in Fig. 1 . Baseline forearm blood flow averaged 2.3 ± 0.2 and 1.9 ± 0.6 ml/min per 100 ml tissue for the test arm and the control arm, respectively (n. s.). After application of pressure blood flow of the test arm increased within 3 min to a new steady state 115% above control (p< 0.001), while blood flow of the control arm remained unaffected. Following removal of the compression blood flow of the test arm returned to the baseline level within 1 min.
Study 1:
The effect of increasing compressive force on forearm perfusion is shown in Fig. 2 .
All six compression sleeves enhanced blood flow of the test arm specifically. The flow increases were significant (p< 0.001) as compared with the control arm for CS2, CS3, CS4, CS5 and CS6 respectively. The flow increases were completely reversible after 1 min of removal of the compressive force.
Calibration curves for the different constructions of compression sleeves with respect to the surface pressure applied are summarized in Fig. 3 . Data is presented with respect to the smallest and the largest winding radius. An almost linear relationship was found for the largest winding radius, while the relationship was less consistent for the smaller winding radius. From the data shown in Fig.2 and Fig.3 the relationship of forearm perfusion versus compression pressure was calculated (Fig. 4) . The largest flow increase was found for an arm surface compression pressure of 19.7 ± 5.8 mm Hg. In 3 subjects an additional flow measurement was taken at a compression pressure around 50 mm Hg by moving the sleeve slightly further upward. Pressures above 50 mm Hg reduced forearm blood flow considerably.
Study 2: Similar to baseline blood flow the flow reserve was enhanced during application of compressive force. Fig. 5 shows that peak flow after 5 min of occlusion was nearly 5-fold of baseline blood flow. During application of compression sleeve CS3 peak flow was significantly (p<0.01) increased to 28.0 ± 6.0 ml/min per 100 ml tissue as compared to 17.4 ± 6.0 ml/min per 100 ml tissue without compression. These effects were completely reversed after removal of the compression sleeve. In contrast, baseline flow and flow reserve of the control arm remained unchanged over the entire duration of the experiment (Fig. 5B) .
Study 3:
The effects of compression force on forearm blood flow were also studied for a more extended period of time (Fig. 6) . In 5 volunteers forearm blood flow remained increased over the entire period of pressure application (3 hours). After a slightly higher initial increase of blood flow, the flow response reached a steady state after 60 min. Following removal of the compression sleeves the flow changes were largely reversible after 1min and fully reversible after 30 min. The forearm blood flow of the control arm remained unchanged during the entire study period. A few previous studies have addressed the effects of moderate leg compression on arterial inflow /18, 22, 23, 25/. In one of these studies an unchanged calf muscle blood flow was reported for application of graded compression pressure /18/. In this study, muscle blood flow was determined by measuring xenon-133 clearance. The maximally applied compression pressure was 30 mm Hg. However, in another study /25/ conducted on male distance runners moderate compression (40 mm Hg) reduced the muscle blood flow in the thigh by approximately 50%. The reason for the discrepancy between these two studies is not readily apparent, because the method to assess changes in leg blood flow was identical. Another previous study comprising 14 healthy subjects reported the effects of leg compression by bandaging on leg pulsatile blood flow using nuclear magnetic resonance flow meter /18,19/. A flow increase of 29% was reported for a pressure increase of approximately 40 mm Hg. Leg compression was produced by wrapping one leg from forefoot to knee with a four-layer bandaging system. The effect of lower compression pressures was not studied.
In the present study an individually fitted set of compression sleeves was used to obtain flow measurements over a wider pressure range. To the best of our knowledge this is the first systematic study performed on the human forearm. The use of elastic sleeves to induce an external compression pressure has two advantages. Firstly, blood flow measurement with strain gauge plethysmography can be performed at the forearm with and without the elastic sleeves. The strain gauge has to be placed around the outside of the sleeve to detect the expansion of the forearm when the venous outflow is blocked. Secondly, using compression sleeves it is possible to change or superimpose other conditions like hand exercise or free move. To address the limitation of strain gauge utilisation under simultaneous application of a compression sleeve the amount of volume expansion during a single measuring cycle under resting conditions is estimated: supposing that the resting blood flow to the forearm is 3 ml/min per 100 ml tissue then the additional blood volume which is pooled in the forearm during the short venous occlusion amounts to 0.3 ml per 100 ml tissue. In other words, the additional volume is in the range of 0.3% of the unaffected volume. By design the compression sleeves are stretched by 20% when applied to the forearm to produce the compression pressure. The additional stretch in the range of 0.3% is sufficiently small and can therefore be neglected. Under the increased flow conditions when the compressive sleeve is applied to the forearm the additional volume is in the range of 0.6% of the unaffected volume.
This volume change is also sufficiently small for this effect to be neglected.
The elastic sleeve covers the forearm from elbow to wrist and it is generally assumed that the pressure exerted at the surface of the forearm is transmitted into the depth of the tissue to the arterial vessels as under every pneumatic cuff. In a methodological study the transmission of a negative surface pressure (2-50 mmHg) into an arm segment of only 8 cm length was demonstrated /21/. The forearm model was chosen, because it is well established for studies on blood flow in humans. Furthermore, the human forearm is not subject to hydrostatic pressure differences to such a degree as it occurs in human leg. It is presently unknown whether there exist systematic differences between the upper and lower extremities with respect to the pressure range that enhances blood flow or to the mechanisms that might be involved. However, from the results obtained in the present study and the majority of the previous studies conducted on the human leg, it seems that external pressure application may increase blood flow in a similar pressure range and to a similar relative extent. The reason for the discrepancies between previous leg studies is not readily apparent. It should be kept in mind that the study which reported a decrease of leg flow in response to external pressure was performed in athletes. Whether there exist systematic differences of flow control between athletes and non-athletes, that may explain differences of flow adjustment in response to external compression, needs to be clarified.
The relationship between compression pressure and flow increase was more consistent for the pressure measured under the sleeve for the larger winding radius (Fig. 3) . The larger winding radius was determined over the group of hand flexors, while the minimal winding radius was measured over the region of the hand extensors. Both muscle groups differ considerably with respect to their masses. The group of flexors dominates by mass considerably over that of the extensors. In addition, both muscle groups are compartmentalized and separated from each other by bone and ligament structures. Thus, it seems that the true relationship between compressive surface pressure and blood flow change of the forearm is best expressed by that determined for the larger winding radius. Additionally, scanning the human forearm shows that most of the cross sectional area is characterized by a large winding radius. This relationship between compressive pressure and blood flow change was almost linear for the range of 0 to 20 mm Hg.
The application of external pressure increases also the peak flow after a 5 min occlusion of the upper arm (Fig. 5) . The increase in peak flow is greater than the increase in resting blood flow. In addition to resting blood flow the present study evaluated flow under stimulated conditions induced by either moderate handgrip exercise lasting 1 hour (Fig. 6) or during 3 hours when the subjects could move freely in the laboratory (Fig. 7) . For both conditions, the enhancement of blood flow could be assessed suggesting that the mechanism that leads to the flow augmentation is robust with respect to the particular condition.
The somewhat surprising finding that static compression consistently increases, rather than decreases, blood flow of the human forearm gives rise to the question of the underlying mechanism(s). Based on known vascular control features three mechanisms may envisioned that account for this: 1) myogenic response, 2) venular-arteriolar communication, and 3) skin vasomotor reflexes. These potential mechanisms are discussed below. however, that this result might also be evoked by a myogenic response. To conclusively discern between these two causal factors needs to be addressed in future studies.
In conclusion, the present study demonstrates that systematic elevation of forearm external compression results in an increase of resting blood flow and hyperaemic peak flow in that Arterial inflow as a function of compression pressure as measured for the largest winding radius (n=9). The symbol close to a pressure of 50 mm Hg is the mean of 3 subjects. 
